claudin-4 is a member of the claudin family, a large family of transmembrane proteins that are essential in the formation and maintenance of tight junctions. matrix metalloproteinase (mmp)-2 and -9 degrade type iV collagen of the extracellular matrix and basal membranes. claudin-4 activates mmp-2, indicating that claudin-mediated increased cancer cell invasion may result from the activation of mmp proteins. in the present study, we used immunohistochemistry to examine the expression levels of claudin-4, mmp-2 and mmp-9 in 189 gastric cancer samples, and analyzed their correlation with tumor invasion, clinicopathologic parameters and clinical outcome. the relationship between claudin-4 expression and mmp-2 and -9 expression was also investigated. the expression of claudin-4 was found to be significantly higher in gastric cancer cases with advanced depth of wall invasion, lymph node metastasis, lymphatic invasion and higher tnm stage. Further analysis revealed claudin-4 expression to be significantly correlated with the expression of MMP-2 and -9. Kaplan-meier survival analysis indicated that mmp-9 expression was correlated with poor prognosis. these results suggest that claudin-4 expression is associated with tumor invasion and with mmp-2 and -9 expression in gastric cancer. additionally, mmp-9 expression was demonstrated to serve as a prognostic factor in patients with gastric cancer. departments of 1 surgery, and 2 pathology, chang Gung memorial hospital; 3 department of cosmetic science, Vanung university; 4 Graduate institute of Basic medical science, chang Gung university, tao-Yuan, taiwan, r.O.c.
Introduction
claudins are tight junctional proteins which are present at the epithelial and endothelial cell membranes (1, 2) , and are the major integral membrane proteins forming the backbone of tight junctions. tight junctions form the primary barrier to the paracellular transport of solutes across cells, and also play a critical role in establishing and maintaining epithelial cell polarity (3, 4) . the claudin family consists of 23 transmembrane proteins exhibiting distinct tissue-and development-specific distribution patterns (5) . the carboxylic terminal region of claudin proteins contains a pdZ domain-binding motif that potentially interacts with a number of pdZ domain-containing proteins, such as ZO proteins (6, 7) . these interactions also serve as adapters for other proteins involved in cell signaling. a number of other cytosolic and nuclear proteins, including regulatory proteins such as rab3b, tumor suppressors such as ptEn and transcription factors such as ZOnaB, also interact directly or indirectly with the tight junction complex (8) (9) (10) . these interactions suggest that tight junctions, in addition to acting as barriers to the paracellular flow of solutes, may play an important role in regulating other cell functions, such as proliferation and tumor suppression. modulations in tight junction structure and function have been observed in epithelial tumorigenesis (11, 12) . a tissue microarray study showed that claudin-1, -3 and -4 are strongly expressed in most cases of intestinal-type gastric cancer, but are less frequently expressed in diffuse-type gastric cancer (13) . using cdna microarray and immunohistochemical analysis, our group previously showed that the expression of claudin-4 was significantly higher in intestinal-type than in diffuse-type gastric cancer (14, 15) . Other studies have shown that claudin-2 expression gradually increases during the multistage process of gastric carcinogenesis (16, 17) . in addition, several studies have found aberrant claudin expression in various types of cancer, including increased expression of claudin-3 and -4 in prostate and uterine cancers (18, 19) , high claudin-4 expression in pancreatic cancer (20) , down-regulation of claudin-7 in head and neck cancer (21) and metastatic breast cancer (22) , and an increase in claudin-3 and -4 in breast cancer (23) . however, the exact role of claudin overexpression and the functional importance of these proteins in the development of gastric cancer remain unclear.
Gastric cancer is one of the most common malignant tumors of the alimentary tract. at the time of diagnosis, it usually shows extensive local tumor invasion and frequent spread to metastatic sites, particularly the lymph nodes. it is thus characterized by late clinical presentation, rapid progression and a poor survival prognosis (24) . the spread of malignant tumors is a multistep process, and many of the stages of tumor invasion require degradation or breakdown of the extracellular matrix and connective tissue surrounding tumor cells (25, 26) . the matrix metalloproteinases (mmps) are a family of zinccontaining enzymes involved in the degradation of different components of the extracellular matrix. there is considerable evidence indicating that individual mmps play crucial roles in tumor invasion and tumor spread (27) (28) (29) (30) (31) (32) . some studies have suggested a major role for mmp-2 and -9 in the digestion of basement membrane type iV collagen as an important mechanism for vessal invasion and metastasis in gastric cancer (33, 34) . recent studies have indicated the modulatory effects of claudins on mmp activation. agarwal et al showed that claudin-3 and -4 expression in ovarian epithelial cells enhanced invasion and was associated with increased mmp-2 activity (35) . Oku et al showed that claudin-1 enhanced the invasive activity of oral squamous cell carcinoma cells by promoting the cleavage of the laminin-5 γ2 chain via mmp-2 and membrane-type mmp-1 (36) . takehara et al revealed that the overexpression of claudin-4 specifically stimulated the invasive activity of colonic cancer cells and increased mmp-2 and -9 activity (37) . in the present study, we examined the expression levels of claudin-4, mmp-2 and -9 in gastric cancer in order to analyze their correlation with tumor invasion, clinicopathologic parameters and clinical outcome of gastric cancer patients. we also investigated the relationship between claudin-4 expression and mmp-2 and -9 expression in gastric cancer.
Materials and methods
Patients and specimens. a consecutive series of 189 tissue specimens was collected from patients with gastric cancer who underwent subtotal or total resection by gastrectomy at chang Gung memorial hospital (cGmh), taiwan between January 2001 and december 2002. written informed consent was obtained before sample collection, and the study was approved by the institutional review Board of cGmh. the patients comprised 110 males and 79 females with a mean age of 62 years (range 24-90). the age and gender of the patients, tumor location, tumor size, cell differentiation, depth of wall invasion, status of lymph node metastasis, vascular invasion, lymphatic invasion and desmoplastic reaction were obtained from histopathology records. the stage of gastric cancer was described according to the 1997 tumor-node-metastasis (TNM) classification of malignant tumors of the American Joint committee on cancer. Follow-up was conducted until december 2007, for a minimum follow-up time of 5 years. the tissue specimens were formalin-fixed and paraffin-embedded, then stained with H&E and classified by a pathologist. The results were compared to histopathology records from cGmh. Final pathology was determined by consensus, with review if necessary.
Immunohistochemistry. tissue blocks were constructed according to the method of schraml et al (38) , and the most representative morphological areas of the tumors were used in the study. The specimen sections were deparaffinized, treated with 3% hydrogen peroxide and microwaved after pre-treatment in 10 mm citric acid to retrieve antigenicity. the sections were incubated with blocking solution containing pBs and 1% bovine serum albumin for 20 min at room temperature, and then incubated overnight at 4˚C with an anti-claudin-4 antibody (1:100; Zymed, san Francisco, ca, usa), an anti-mmp-2 monoclonal antibody (1:50; lab Vision corporation, Fremont, ca, usa) and an anti-mmp-9 monoclonal antibody (1:50; lab Vision corporation), respectively. after washing 4 times with tris-buffered saline, the sections were incubated with biotinylated secondary antibody (santa cruz Biotechnology, santa cruz, ca, usa). the immunocomplex was visualized by the immonoglobulin enzyme bridge technique using the dako lsaB 2 system, hrp kit (dako corp., carpinteria, ca, usa) with 3,3'diaminobenzidine tetrachloride as a substrate. the sections were counterstained with hematoxylin, dehydrated with graded alcohol, cleared with xylene and mounted with coverslips.
Scoring of immunostaining. the results of immunostaining were scored according to a previous report (39) as follows: the immunostaining reaction was evaluated by subjective assessments of the median staining intensity (0, no stain; 1, weak; 2, moderate; 3, strong stain) and by the fraction of stained cells in percentage categories (0, 0-9%; 1, 10-49%; 2, 50-89%; and 3, ≥90%). This scoring system was previously shown to be reproducible (40) . scores of 0-3 were determined as follows: percentage categories and staining were each ranked as indicated above. the ranks for percentage and staining intensity were multiplied by each other, divided by 3 and rounded up to the nearest whole number (40) . the results of immunostaining were classified as negative (whole number 0) or positive (whole number 1-3), respectively ( Fig. 1 ).
Statistical analysis. the χ 2 test or Fisher's exact test were used to test for an association between claudin-4, mmp-2 and -9 expression and the clinicopathologic parameters of the patients. Disease-free survival was defined as the time from surgery to the first relapse of cancer, occurence of a second primary tumor or death of any cause. univariate survival analysis was assessed by the Kaplan-meier method, and the significance of differences between groups was analyzed using the log rank test or the log rank test for trend. stepwise multivariate survival analysis was performed according to the cox proportional hazards model. all reported p-values were two-sided, and P-values <0.05 were considered significant.
Results
Claudin-4, MMP-2 and MMP-9 expression in gastric cancer. claudin-4 was expressed in the membrane of gastric adenocarcinoma cells in 84.7% (160/189) of cases. mmp-2 and -9 were expressed in the cytoplasm of gastric adenocarcinoma cells in 81% (153/189) and 89.4% (169/189) of the cases, respectively ( Fig. 1) .
Claudin-4, MMP-2 and MMP-9 expression in relation to clinicopathologic parameters. the expression of claudin-4 was significantly higher in males than in females (P=0.046), and was positively correlated with tumor size (P=0.008) and desmoplastic reaction (P=0.027). The expression of claudin-4 was significantly higher in gastric cancer with advanced depth of wall invasion (P=0.008), lymph node metastasis (P=0.005), lymphatic invasion (P=0.001) and high TNM stage (P=0.004), but was not correlated with age, tumor location, cell differentiation or vascular invasion (table i) .
The expression of MMP-2 was significantly higher in males than in females (P=0.036), and was significantly correlated with tumor location (P=0.01), tumor size (P=0.024), cell differentiation (P=0.04) and desmoplastic reaction (P=0.021), but not with age, depth of wall invasion, lymph node metastasis, vascular invasion, lymphatic invasion or tnm stage (table i) . mmp-9 expression was positively correlated with tumor size (P=0.004) and desmoplastic reaction (P=0.02). As with claudin-4, the expression of MMP-9 was significantly higher in gastric cancer with advanced depth of wall invasion (P=0.002), lymph node metastasis (P=0.038), lymphatic inva-sion (P=0.046) and higher TNM stage (P=0.008), but was not correlated with age, gender, tumor location, cell differentiation or vascular invasion (table i) .
Correlation of claudin-4 expression with MMP-2 and MMP-9
expression. Further analysis of the relationship between claudin-4 expression and mmp-2 and -9 expression revealed claudin-4 expression to be significantly correlated with the expression of these two proteins (P=0.005 and 0.018, respectively; Table II ). To better define the pattern of co-expression between claudin-4 and these two proteins, immunostaining was conducted in serial sections of gastric cancer. Of 189 specimens, 135 (71.4%) were positive for claudin-4-and mmp-2, and 147 (77.8%) were positive for claudin-4-and mmp-9 (table ii and Fig. 2 ). Prognostic implications of claudin-4, MMP-2 and MMP-9 expression in gastric cancer. mmp-9 expression was correlated with a poor prognosis (P=0.041; Table III and Fig. 3C ). neither claudin-4 nor mmp-2 expression was correlated with survival (table iii, Fig. 3a and B) . Other prognostic factors were type of gastrectomy, tumor location, large tumor size, poor cell differentiation, advanced penetration depth, presence of nodal metastases, presence of vascular or lymphatic invasion, marked desmoplastic reaction and higher stage. in multivariate analysis, depth of invasion, lymph node metastasis and lymphatic invasion were independent prognostic factors (table iV) .
Discussion
in this study, claudin-4, mmp-2 and mmp-9 expression was examined in 189 cases of gastric cancer, and was associated with patient clinicopathologic factors. claudin-4 expression was correlated with depth of wall invasion, lymph node metastasis and lymphatic invasion, and was significantly correlated with mmp-2 and -9 expression. these results are consistent with those obtained in a cancer cell model (35, 37) . agarwal et al showed that claudin-4 expression in ovarian epithelial cells enhanced cell invasion and was associated with increased mmp-2 activity (35) . takehara et al also showed that the overexpression of claudin-4 in colonic cancer cells stimulated invasive activity and mmp-2 and -9 activity (37). although it is generally believed that an alteration in claudin expression is involved in tumorigenesis, the role of claudin-4 in the regulation of cancer-related cell functions, such as invasion, remains unclear. it is known that claudins affect cell physiology by recruiting signal transductionrelated molecules at tight junctions. claudin-4 affects the expression and activity of mmp-2 and -9 either directly or by modulating signal transduction; consequently, these two proteins stimulate cell invasion. recent studies also indicate that the overexpression of claudins is correlated with tumor invasion. wu et al demonstrated that the overexpression of claudin-1 was correlated with the invasiveness and metastasis of gastric cancer (41) . table ii. association of claudin-4 expression with mmp-2 and mmp-9 expression. Kinugasa et al revealed that the expression of claudin-1 and -2 was up-regulated in colorectal cancer, and that this up-regulation was correlated with the depth of tumor invasion (42) . dhawan et al showed that claudin-1 expression increased with the progression of colon carcinoma and metastasis (43) . nevertheless, some studies have shown that the downregulation of claudins is correlated with tumor invasion. ueda et al showed that decreased claudin-4 expression at the invasive front is correlated with cancer invasion and metastasis in colorectal cancer (44) . Oshima et al showed that reduced expression of claudin-7 correlated with venous invasion and liver metastasis in colorectal cancer (45) . usami et al reported that reduced expression of claudin-7 at the invasive front of esophageal squamous cell carcinoma may lead to tumor progression and subsequent metastasis (46) . morohashi et al found that decreased expression of claudin-1 correlated with lymphatic node metastasis in breast cancer (47) . these reports of decreased claudin protein expression in cancer are consistent with the generally accepted notion that tumorigenesis is accompanied by a disruption of the tight junctions, a process that may play a key role in the loss of cohesion and invasiveness observed in cancer cells. in gastric cancer, mmp-2 and -9 are linked to tumor invasion and metastasis as well as to a poor prognosis (48) (49) (50) . Kabashima et al demonstrated a correlation between mmp-9 expression and lymphatic invasion and lymph node positivity in gastric carcinoma (51) . the results of Kabashima et al are consistent with the results of the present study, which indicate that mmp-9, but not mmp-2 expression, is positively corre-lated with lymph node metastasis and lymphatic invasion as well as with a poor prognosis. By contrast, certain reports have shown mmp-2 expression to be associated with tumor invasion, lymph node metastasis and survival in gastric cancer (52) (53) (54) . allgyer et al demonstrated an association between the immunohistochemical detection of mmp-2 and the prognosis of gastric cancer patients (52) . Ji et al showed that the expression of MMP-2 mRNA was significantly correlated with lymph node metastasis and a poor prognosis in gastric cancer patients (53) . monig et al also found that the intensity of MMP-2 staining in tumor cells was significantly correlated with the depth of tumor infiltration, lymph node metastasis and distal metastasis in gastric cancer patients (54) . Further studies are required to clearly distinguish the roles and involvement of mmp-2 and -9 in the metastasis of gastric cancer.
claudin-4 expression
in conclusion, claudin-4 expression was correlated with the depth of wall invasion, lymph node metastasis and lymphatic invasion in gastric cancer. Further analysis showed that claudin-4 expression was significantly correlated with mmp-2 and -9 expression. we suggest that claudin-4 affects the expression and activity of mmp-2 and -9 either directly or by modulating signal transduction, and that these two proteins stimulate tumor cell invasion. 
